Solid electrolytes for solid-state Li-ion batteries are stimulating considerable interest for next-generation energy storage applications. The Li 7 La 3 Zr 2 O 12 garnet-type solid electrolyte has received appreciable attention as a result of its high ionic conductivity.
Introduction
The commercial Li-ion battery, which relies on liquid electrolytes, is now the workhorse behind the mobile electronics industry. [1] [2] [3] [4] [5] Unfortunately, a practical limit of what can be achieved with the current Li-ion technology is encountered when the focus shifts to electric vehicles. 2, [4] [5] [6] One promising avenue to improve the energy and power densities of Li-ion batteries, while enhancing their safety, consists of replacing the flammable liquid electrolyte with a solid electrolyte capable of efficiently shuttling Li ions between electrodes.
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To facilitate this transition, the Li-ion conductivity of solid electrolytes must be competitive to that of their liquid analogs. 12, 16 While significant attention is still devoted to intrinsic Li + conductivity in solid electrolytes, many challenges remain for future solid-state applications. 5, [22] [23] [24] [25] [26] [27] [28] [29] [30] The most pressing challenges are finding solid electrolytes that are electrochemically stable against electrodes, maintaining physical contact between components over many Li intercalation/extraction cycles and suppressing Li-dendrite formation.
The Li 7 La 3 Zr 2 O 12 garnet-type electrolyte has received significant attention due to its high ionic conductivity (10 −6 -10 −3 S cm −1 ) achieved by a variety of doping strategies, 7, 8, 10, 11, [31] [32] [33] [34] [35] [36] but most importantly because of its perceived stability against the Li-metal anode. 25, 27, 29, [37] [38] [39] [40] [41] However, the failure of polycrystalline Li 7 La 3 Zr 2 O 12 in solid-state battery prototypes comprised of Li-metal anodes has been the subject of several studies. 25, 28, 38, [40] [41] [42] [43] small current densities of ∼ 0.5 mA cm −2 could be tolerated before dendrite failure.
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Rationalising the mechanisms behind the propagation of dendrites in Li 7 La 3 Zr 2 O 12 is a major challenge.
In parallel, sintering strategies to maximise the bulk transport in ceramic materials are routinely applied. While high temperature densification enhances ion transport, the extent of morphological transformations of the electrolyte particles is still unclear. Kerman et al. 27 highlighted the connection between the processing conditions of Li 
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The degree of metastability of the tetragonal phase is small enough that the compound can be stabilised by thermal effects, which explains the success of high-temperature (> 600
• C) phase-pure synthesis. 8, 11 It is assumed that the chemical decomposition of Although the surface structures are obtained from the tetragonal phase, we find identical surface energies for symmetry inequivalent surfaces (see Table S1 and Figure S1 ). For example, the surface energy (∼ 1.77 J m −2 ) of the Zr-terminated (010) surface is identical to the (001) and (100) Li-terminated surface. This result is also found for the (100), (001), (011) and (101) Literminated facets. iv) Above 750
• C, the negative γ of (010) Li-terminated surface (as seen in Figure 4) At room temperature (∼ 24
• C), the equilibrium Li (and < 750
• C), Li 7 La 3 Zr 2 O 12 particles should assume a cubic shape dominated by the (100) and (010) surfaces, as seen in Figure 5 .
At 24 • C and intermediate temperatures (∼ 180
• C), the (110) Li-terminated surface contributes to the overall particle shape. However, an increase in oxygen composition on the surface of the Li 7 La 3 Zr 2 O 12 particles will be also observed, as shown by the increased stability of the (110) oxygen-terminated surfaces over (110) Li-terminations, as seen in Figure 4 at temperatures above 300
Tuning the synthesis conditions of Li Figure S3 ).
We have identified that surfaces with low Miller indices, e.g. (010) and (110) 
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The predicted room temperature morphology of Li 7 La 3 Zr 2 O 12 is in excellent agreement with a scanning electron microscopy study of a single crystal, 46 providing credibility to the computed morphologies of Figure 5 . However, no specific surface facets were characterised, which we identified here. 46 We can complement the experimental observations by extending our model beyond the shape of the particles. This is completed by ascertaining the dominant surface facets and the most likely chemical compositions under both reducing and oxidising conditions.
On the basis of these findings we speculate that small cations, such Densification and implications on ionic conductivity -Densification of ceramic oxides via high-temperature (and spark-plasma) sintering is routinely employed to improve the electrolyte ionic conductivity. 11, 45, 55 Typically, the interpretation of impedance measurements requires the deconvolution of the total ionic conductivity into three main contributions, namely, 61-63 intrinsic bulk, grain boundary and interfacial electrolyte/blocking electrode. While bulk Li-ion transport has been emphasised by both experiment and computation, 7-9,11,31,32,47,51 grain boundary Li-ion conductivity is much less examined, despite being crucial.
7-9,11
The seminal paper on Li In agreement, our prediction in Figure 4 suggests that at high temperatures (≥ 600
• C in the sintering regime) and reducing conditions, the particle surfaces will show pronounced segregation of Li. Assuming that the stable surfaces computed in this study are representative of the grain boundaries in Li 7 La 3 Zr 2 O 12 , we speculate that the accumulation of Li ions can impact the Li transport involving grain boundaries.
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Engineering the particle morphology -On the basis of our predictions, we can propose practical strategies to engineer particle morphologies of Li 7 La 3 Zr 2 O 12 .
For example, Figure 6 demonstrates that adding extra Zr and/or Li metals during synthesis may promote Li segregation at the grain boundaries. 39 In addition, as indicated in Figure 4 , routine high-temperature synthesis of Li 7 La 3 Zr 2 O 12 promotes reducing conditions (i.e., oxygen-poor conditions) and Li terminated surfaces/particles. Hence low-temperature synthesis (and sintering) protocols should be sought.
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From analysis of Figure 6 , we speculate that O/La accumulation at the grains is also ob- Figure 6 , near 3 V we predict La segregation towards the particle surfaces corroborating these experimental findings.
The failure upon short-circuiting of polycrystalline Li These findings will contribute towards developing strategies for the optimisation of the synthesis and operation of promising solid electrolytes for solid-state batteries.
Method Surface energies and thermodynamic framework
The physical quantity defining stable surface compositions and geometries is the surface free energy γ (in J m −2 ):
where A is the surface area (in m −2 ) and G surface and G bulk are the surface free energies of periodic surfaces and the reference bulk material, respectively. G surface and G bulk are approximated by the respective computed internal energies E surface and E bulk , accessed by density functional theory (DFT) as described in the SI. In the case of non-stoichiometric surfaces, the final surface energy depends on the environment set by the chemical potential NIST/JANAF tables. 69 We omitted the partial pressure dependence of the µ O 2 term (i.e., we used p O 2 = 1 atm) as we expect this contribution to be small, as demonstrated previously.
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Bulk surface models
Because of the large number of possible chemical terminations, as a result of the quaternary nature of Li 7 La 3 Zr 2 O 12 , the selection of surfaces investigated was only limited to low-index surfaces, such as (100), (001), (101), (111) and (201). We note that some of these surfaces are related by the intrinsic tetragonal symmetry. For example, (100) = (010), as verified by the surface energies in the Supplementary Information (see Table S2 ).
In line with Tasker's classification of oxide surfaces, 70 only realistic type I surfaces were considered, which are characterised by zero charge and no electrical dipole moment. Nevertheless, these requirements are only satisfied by a limited number of stoichiometric Zr-or La-terminated surfaces with high surface energies.
Because our goal is to rationalise the chemical composition and morphology of the Li 7 La 3 Zr 2 O 12 particles, it is crucial to study the Li-and O-terminated surfaces. As a result, type I non-stoichiometric surfaces were generated by selectively removing layers of Zr and/or La and charge-compensated by O removal, as shown schematically in Figure 2 . Upon cation removal, charge neutrally is maintained by introducing oxygen vacancies, resulting in the need to investigate a significant number of atomic orderings. We simplify this difficult task by computing with DFT only the 20 orderings with the lowest electrostatic energy, as obtained by minimising the Ewald energy of each surface using formal charges. 71 This results in the assessment of 420 non-stoichiometric surfaces using DFT. While performing this operation, we enforce symmetry between the two faces of the surfaces. Using this strategy, we identified 21 non-stoichiometric orderings and 11 stoichiometric surfaces that are O-, Li-, La-and Zr-terminated, respectively, whose surface energies are discussed in Figure 3 and Table S2 .
• Details of first-principles calculations.
• Chemical potentials bounds.
• Surface energies.
• Li 7 La 3 Zr 2 O 12 particle morphologies.
• Li 7 La 3 Zr 2 O 12 surface reconstruction.
